Persistence of animals in urban habitats, a stark environmental contrast to natural habitats, can be explained through evaluating the mechanisms behind organism-habitat interactions. One of the most notable effects of urbanization is the change in structural habitat; vegetation is removed and modified, favoring large trees and adding artificial structures in cities, which may alter how organismal preferences for aspects of the habitat are realized. We evaluated the mechanisms by which structural habitat changes associated with urbanization alter the available vegetation and substrates on which two species of Anolis lizards perch in urban and natural forest sites in Miami, FL. We also experimentally assessed habitat preference in the lab to establish the mechanism behind habitat selection. We found that vegetation was broader in urban areas compared to natural habitats, and artificial structures in urban areas were more than twice the diameter of available natural perches. Lizards expressed their preference for broad perches by selecting broader vegetation and artificial structures compared to their availability in both habitats. With the increased availability of broad substrates in urban areas, perch diameters selected by lizards resulted in an expansion of this aspect of the structural habitat niche for both species. The two species differed, however, in other responses to altered urban habitats. Anolis cristatellus tended to avoid artificial substrates, whereas A. sagrei used both natural and artificial structures in proportion to their availabilities. This study provides a mechanistic explanation for how urbanization alters structural habitats, leading to niche expansion for organisms living in cities.
Introduction
Most species alive today have an evolutionary history that includes persisting through environmental changes and encountering novel habitats to some degree (Thompson 2013) . However, ongoing human-induced rapid environmental change (HIREC) is unprecedented in both its rate and magnitude of environmental change on this planet (Palumbi 2001; Hobbs et al. 2006; Sih et al. 2011; Barnosky et al. 2012) . Local extinctions and range shifts demonstrate that some organisms are unable to respond successfully in situ to HIREC (Lynch and Lande 1993; McKinney and Lockwood 1999; Brook et al. 2008; Estrada et al. 2015) . In contrast, other species persist, and some even thrive, when encountering novel environments produced by human activities (Kowarik 2011; Lowry et al. 2013) . To better understand how changing environmental conditions challenge the persistence of populations, we need mechanistic studies that quantify changes in niche dimensions due to global change (Shochat et al. 2006; Sol et al. 2013) . Such studies should evaluate changes in resource availability in altered habitats, how organisms respond through their resource use and preferences, and if individuals experience any fitness consequences. This niche-based assessment should yield valuable insight into the role of niche dynamics (e.g. niche contraction or niche expansion) in determining whether populations persist under HIREC (Wingfield et al. 2011) .
Urbanization likely alters the niche space available in cities, ultimately determining whether or not populations persist there, yet we know little about the underlying dynamics of how organisms respond to this change. During urbanization, natural vegetation is removed and replaced with novel artificial structures (e.g. walls, pavement, and lamp posts) and managed vegetation assemblages (McDonnell and Pickett Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11252-018-0787-1) contains supplementary material, which is available to authorized users.
1990 ; Forman 2014; McDonnell and Hahs 2015) . Habitat changes in cities occur at rates far greater than in natural habitats and in some cases, elicit phenotypic responses distinct from those observed in natural habitats (Winchell et al. 2016; Alberti et al. 2017 ). These and other selection pressures in urban areas may promote adaptive evolution in traits that improve fitness in cities (Nemeth and Brumm 2009; Atwell et al. 2012; Donihue and Lambert 2014; Weaving et al. 2016; Winchell et al. 2016) . New resources in urban habitats may benefit species with adaptations that happen to be useful in urban habitats (i.e. pre-adaptation; McDonnell and Hahs 2015) , and previous studies show that urban animal populations exploit a variety of anthropogenic resources (Lowry et al. 2013; Oro et al. 2013; Penick et al. 2015) . If urban habitats increase the availability of habitat elements preferred by an organism, urban populations may experience a realized niche expansion (Pearman et al. 2008) . A more mechanistic, nichefocused framework that includes organismal preferences, organism-habitat interactions, and comparison of habitat differences between urban and natural environments is needed.
A key axis of diversification for Anolis lizards is the structural habitat -the diameter, height, and type of vegetation used by perching lizards (Losos 2009) , and strong habitat useperformance relationships drive habitat selection in many species (Rodríguez-Robles et al. 2005; Johnson et al. 2006) . Anole structural habitat use varies interspecifically, intraspecifically, and in different environments (Irschick et al. 2005a, b) . Furthermore, anole habitat selection is correlated with locomotor performance, a commonly used fitness proxy in anoles (Irschick and Losos 1999; Losos 2009; Gillman and Irschick 2013; Irschick and Higham 2016) . Numerous Anolis species are found in urban and natural habitats in their native and non-native ranges (Irschick et al. 2005a, b; Marnocha et al. 2011; Kolbe et al. 2016a; Winchell et al. 2016) . Two Anolis species found in Miami, FL, USA, Anolis cristatellus and Anolis sagrei, are ideal for evaluating how the habitat alterations caused by urbanization influence structural habitat preferences and selection. Both species inhabit urban and natural forest habitats that occur in close proximity to each other. In their natural forest habitats, these species are commonly found on trunks, branches, leaves, and the ground, making them likely to be sensitive to the structural habitat changes associated with urbanization.
In this study, we first compared the structural habitat availability and use by lizards in natural forests and urban areas. This allowed us to evaluate whether lizards are selecting aspects of the structural habitat and if urbanization alters these relationships. After comparing availability, use, and selection in the field, we evaluated preference for a key aspect of the structural habitat -perch diameter -using a laboratory experiment. We predict that urban areas will contain a greater proportion of broad substrates than natural areas due to the removal of smaller trees, branches, and woody debris in urban areas and the addition of artificial substrates, such as walls and posts. We expect that lizards will prefer larger-diameter perches and nonrandomly select wide perches compared to their availability, leading to an expansion of the structural habitat niche in urban sites. Results from our study identify mechanisms behind patterns of organismal responses to urbanization that should improve predictions regarding species and population persistence in our increasingly urbanized world.
Methods

Study species and study sites
We studied two species of Anolis, small insectivorous lizards found naturally in southern North America, Central and South America, and throughout the Caribbean (Losos 2009 ). Several Anolis species have been introduced to the Miami metropolitan area (Kolbe et al. 2007 ), two of which are common in both natural forest and urban areas. Anolis sagrei is native to Cuba and the Bahamas, and non-native populations are now widely distributed in the southeastern United States with Miami area populations dating to the 1940-60s (Bell 1953; Salzburg 1984; Kolbe et al. 2004 ). Anolis cristatellus is native to Puerto Rico, and was first documented in Miami in the mid-1970s (Wilson and Porras 1983; Powell et al. 1996; Bartlett and Bartlett 1999; Kolbe et al. 2007) . In contrast to the nearly ubiquitous A. sagrei, the distribution of A. cristatellus is more restricted, radiating out from two independent points of introductions in the Miami area (Kolbe et al. 2016b ). Both A. sagrei and A. cristatellus are classified as trunk-ground habitat specialists, meaning they commonly occupy the ground and perches up to~2 m (Salzburg 1984; Losos 2009 ). The larger A. cristatellus (snout-vent length, or SVL, up to 75 mm in males and 60 mm in females; mean mass is 8.5 g in males) typically perches higher than the smaller and more terrestrial A. sagrei (SVL up to 69 mm in males and 55 mm in females; mean mass is 4.8 g in males).
We studied lizards in four urban and four natural sites throughout the Miami metropolitan area between May and August in 2014. Generally, natural sites were closed-canopy forests on upland hammocks, consisting of hardwood-oak overstory canopy with palmettos and saplings in the understory, and were forest patches within the urban matrix of metropolitan Miami. Urban sites were located within human-altered areas, generally along roadsides with bike paths, canals, and sidewalks. We are unaware of any urban sites in Miami that contain only A. cristatellus. Refer to supplementary materials for detailed descriptions of study sites.
Habitat availability, use and selection
Because structural habitat is a key niche axis for anoles, we evaluated the impact of urbanization on the availability of perch sites and perch use by lizards. To understand the relationship between perch availability and the perch use, we conducted habitat availability transects to quantify the differences between urban and natural sites, and then compared these availabilities to lizard habitat use. We measured the diameter (cm), height (cm), and substrate type of potential lizard perches, denoted further as habitat availability, which includes artificial substrates in urban sites. At all sites, we measured available vegetation (and structures in urban areas) at 0.25 m intervals, from 0 to 2 m vertically. Trunk-ground ecomorphs such as the two Anolis species in this study rarely perch higher than 2 m (Losos 2009 ). We measured one potential perch at each height, within a 0.5-m radius of the sample point. We followed perches that continued outside of the 0.5-m radius but that originated from within it. If a particular height did not have an available perch, such as when vegetation was <2 m (e.g. a low bush), we did not record data at that height. Some transect points had no vegetation within a 0.5 m radius, and in these cases no data were recorded for any height; these were considered 'open ground' and used to analyze percent open space. We did not include walls in the perch diameter analyses because we are uncertain on how to quantify accurately these surfaces; very large diameters would skew the results and capping measurements would be inaccurate. Because urban sites were usually along a road, we conducted 6-8 m transects every 30-50 m perpendicular to the road. Exact transect lengths and intervals between transects depended on the length of the site and the distance between the road and the edge, such as the canal edge or building. In natural sites, we conducted two separate transects beginning from haphazard locations within the study plots that followed a random compass heading. Each transect was approximately 20 m in length, with 6-m perpendicular transects at 5-m intervals along the main transect. We collected roughly 2-3 times as many habitat availability observations (not including transect points without vegetation) as lizard perch use observations at each site.
We compared vegetation availabilities to perch use by lizards in the urban and natural sites to determine habitat selection. Using a telescopic pole with a noose, we captured undisturbed adult lizards over a period of 2-5 days in each site and recorded sex, species, and SVL as well as the diameter, height, and substrate of the location where each lizard was perched. Before releasing each lizard, we marked it with a small dot using white-out to ensure we did not re-capture the same individual during the study. We expended equal capture effort in all sites to ensure that we captured a representative sample of the population. We captured males and females totaling approximately 120 adult lizards per species per site (male and female sample sizes in Table S1 ), evenly collected throughout their activity time during the day (0700 to 1800 h), and never in inclement weather.
Habitat preference
To measure perch-diameter preference, we collected 20 male A. sagrei and 20 male A. cristatellus from natural sites and shipped them to the University of Rhode Island (Kingston, RI). In a 1.8 m × 1.8 m × 1.8 m mesh enclosure in the lab, lit with overhead fluorescent lights approximately 3 m above the floor (and no lights or heat sources for basking), we presented individual lizards a choice of six perches (i.e., tree trunks, 1.6 m high) in three duplicated diameters of 2, 7, and 12 cm. These sizes cover the range of mean vegetation diameters observed for availability and use by both species in urban and natural habitats. After a two-minute acclimation period under an opaque cover, lizards were given 15 min to explore the perches. We recorded the proportion of time spent on each perch compared to the total time lizards were on a perch. Lizards usually selected a perch within the first two minutes, sometimes moving between several perches. We arranged the perches in alternating sizes in a circle. Before each trial, we randomized the location of perches in the circle to eliminate a location effect. Each lizard went through the preference experiment two times. Some lizards never selected a perch and were removed from the analysis (A. sagrei N = 1, A. cristatellus N = 4); sample sizes in Table S1 .
Statistical analyses
We performed all statistical analyses in R (R Core Team 2014), and analyzed species separately for all statistical tests. We compared mean available vegetation diameters of all sites, nested within their site type (urban and natural), using an analysis of variance (ANOVA). We used ANOVA to test for a difference in diameter among vegetation in natural areas, vegetation in urban areas, and artificial structures in urban areas, for both availability and use by males and females. We compared diameters of available substrates (i.e., vegetation and artificial structures) and perch use by sex and site type (urban and natural) with an ANOVA. We also used ANOVA to test for differences in perch height use by sex and site, but did not include availability because nearly all heights were available at each site. To compare the distributions of diameters of available substrates and perches used by lizards between natural and urban environments, we used two-sample Kolmogorov-Smirnov tests. We used Simpson's index of diversity to calculate the diversity of perches used by each species and sex in both site types; values range from 0 (no diversity) to 1 (infinite diversity). We used chi-squared tests to compare the proportion of artificial and natural perches available in urban habitats to the proportion used by lizards, separately by sex. For all tests, lizards were only compared to availability in the sites that they were found (e.g. A. cristatellus for only two of the four urban sites where it was present).
We assessed perch diameter preference from the laboratory experiment using a multinomial mixed model, which accounts for the non-independence of response values, with lizard ID as a random effect to avoid pseudoreplication, and compared the proportions of time spent on small, medium, and large perches for both trials combined using the MCMCglmm package (Hadfield 2010) . The model runs Markov chain Monte Carlo iterations to generate posterior distributions of the response levels. In this case, the mean distributions for time spent on medium and small perches are each compared to time spent on the large perch.
Results
Habitat availability
Urban sites had broader substrates available than natural sites (F 1,6 = 154.33, p < 0.0001, Figs. 1a, S2) ; within natural sites, Montgomery and Matheson had narrower vegetation than Barnes (F 6,2816 = 3.26, p < 0.01). Larger mean diameters in urban areas were due to both broader vegetation in urban sites as compared to natural areas and the addition of even broader artificial substrates in urban sites (F 2,2896 = 165.7, p < 0.0001, Fig. 1a) . These large differences in vegetation and substrate diameters existed despite not including measurements for walls, which account for about 3% of availability in urban areas. The distribution of available substrates in urban areas was shifted away from smaller diameters and toward larger ones compared to natural areas (D = 0.23, p < 0.0001, Fig.  S2 ). In most instances, the full range of potential perch heights from the ground to at least 2 m was available in both natural and urban sites. Urban habitats also had more open ground than natural areas; about half of the urban survey points lacked vegetation (Fig. 2a, Table S2 ). Urban habitats had a greater variety of potential perches due to the addition of artificial substrates, such as poles, posts, and walls (Fig. 3) , which accounted for about 25% of available substrates (Fig. 2b) . (Table S2 ). Panel b) shows the percentage of natural (black) versus artificial (grey) substrates available and perches used by lizards in urban sites. Sites with and without A. cristatellus did not differ in availability/use comparisons and so are pooled for availability columns, and female and male perch use did not differ significantly for either species and were pooled for this figure. * indicates P < 0.05 for the chi-squared test of availability versus perch use by lizards Overall, urban areas had broader substrates available (both vegetation and artificial structures) and more open space compared to natural habitats.
Habitat selection
Despite the ubiquity of open ground in urban habitats, lizards were almost always found on vegetation or artificial structures (Fig. 2a) . Lizards used wider perches in urban compared to natural areas, and they selected wider perches than were available in both areas (A. cristatellus: F 5,1914 = 55.657, p < 0.001, Figs. 1 and 4a ; A. sagrei: F 5,2841 = 31.435, p < 0.001, Figs. 1 and 4b) . Lizards also used a greater diversity of perches in urban compared to natural areas (Table 1, Figs. S2, S3 ). The use of broader perches in urban areas was driven by lizards selecting both wider vegetation, which was almost always wider than vegetation used for perching in natural areas, and artificial substrates, which were over twice the diameter of vegetation in urban areas (A. cristatellus: F 5,517 = 10.27, p < 0.001, Fig. 1b ; A. sagrei: F 5,714 = 9.675, p < 0.001, Fig. 1c) . Neither sex of A. cristatellus differed in perch height use between urban and natural sites, but females perched lower than males within both sites (F 3,523 = 9.152, p < 0.0001, Fig. 4a, S1 ). Male and female A. sagrei perched lower in urban areas than in natural areas and females always perched lower than males (F 3,775 = 25.53, p < 0.0001, Fig. 4b, S1 ). Both sexes of A. sagrei used artificial perches at the same frequency as their availability, but female and male A. cristatellus used artificial perches at a lower rate (female: Χ 2 = 6.80, df = 1, p < 0.001; male: Χ 2 = 4.93, df = 1, p < 0.03, Fig.  2b ), suggesting avoidance of artificial substrates by A. cristatellus in Miami.
Habitat preference
In the experimental perch preference trials, A. cristatellus and A. sagrei spent an average of 53.1 and 66.0% of their time, respectively, on the largest-diameter perches (Fig. 5) . Anolis sagrei exhibited a stronger preference for broad-diameter perches, preferring the largest perches to both small (p < 0.001) and medium ones (p < 0.001), whereas A. cristatellus preferred only the largest to the smallest perches (p < 0.001).
Discussion
We found that lizard habitat preferences interact with habitat availability to drive the expansion of the structural habitat niche of anoles in urban areas (Fig. 4) . Lizards selected broader diameter vegetation compared to the availability of potential perches in natural habitats (Fig. 1, S1 ). Urban habitats had broader substrates compared to natural areas due to a Fig. 3 Frequency of natural and artificial substrate availability at natural forest (black) and urban (grey) sites (Fig. 3) , and lizards still selected broader perches than available (Fig. 1, S1) .
Moreover, lizards used a greater diversity of perch diameters in urban sites (Table 1, Fig. S3 ). Other studies have observed expansion of the realized niche in response to HIREC, particularly in the context of invasive species responding to novel climates in their non-native range (Holt et al. 2005; Broennimann et al. 2007; Fitzpatrick et al. 2007; Pearman et al. 2008; Tingley et al. 2014 ), but observations of niche expansion in urban environments are limited. Studies of urbanization tend to focus on population-and community-level responses to habitat alterations, which document changes in abundance and diversity that ultimately emerge as a result of underlying niche dynamics (Aronson et al. 2014; Fischer et al. 2015; Boivin et al. 2016) . The broad perches encountered by lizards in urban areas were often artificial substrates (i.e., smooth, vertical surfaces), amounting to roughly one-quarter of available perches (Fig. 2) , and lizard locomotor performance has been shown to decrease on smooth, artificial substrates (Kolbe et al. 2016a ). Consequently, preference-driven niche expansion in urban areas may result in urban lizards choosing sub-optimal substrates in terms of locomotor performance. The implications of this paradox in cities range from behavioral changes to fitness losses with the potential to alter selective regimes in urban environments (Kolbe et al. 2016a; Winchell et al. 2016) .
Both Anolis species in our study preferred the largest diameter perches available, with A. sagrei having a stronger preference (Fig. 5) , which likely results from a strong association between use of broad perches and increased fitness in natural habitats. Sprint speed, a common fitness proxy in anoles, is faster on wider-diameter perches for long-limbed species, such as the two species in this study (Losos and Sinervo 1989; Irschick and Losos 1998) . Large perches, such as tree trunks, may also confer other fitness benefits. To escape predators, anoles will squirrel, or run to the opposite side of a trunk, placing them out of reach and view of a predator (Cooper 2006) . Further, flight initiation distance, or the distance between a perceived predator and an anole when the anole flees, decreases with increasing perch diameter in five anole species (Losos and Irschick 1996) , suggesting that the benefits of staying on a perch increase as its diameter increases. Tree trunks typically have fewer nearby branches, thereby increasing visibility. This can increase scanning ability to defend territories, identify prey, find and attract mates, and see predators from farther distances (Johnson et al. 2010) . Therefore, for these and possibly other reasons, Anolis species such as these trunk-ground habitat specialists have developed an innate preference for larger-diameter perches in natural habitats.
Preference for larger-diameter perches was consistent with habitat selection by lizards in our study; lizards generally used wider perches than were available in both urban and natural habitats (Figs. 1, S2) . Similarly, Wright (2009) found that male and female A. sagrei used broader perches added to their habitats (even though these perches were artificial). In natural habitats in our study, the largest perches were tree trunks and Table 1 Simpson's index of diversity for the perch diameter classes used by male and female A. cristatellus and A. sagrei and the Kolmogorov-Smirnov distances, indicating the maximum difference between cumulative distribution functions (Fig. S3) Bold values indicate significance at p < 0.01 A. sagrei spent on small, medium, and large diameter perches during perch preference trials. Letters indicate significant differences (p < 0.01), separate for each species expressing preference for these perches likely confers higher fitness. Because the widest perches available in urban habitats were often artificial ( Fig. 1) , we would expect both species to occupy broad, artificial structures, especially A. sagrei, which had a stronger preference for large perches (Fig. 5) . Indeed, in urban habitats we found A. sagrei using natural and artificial perches at rates equivalent to their availability (Fig. 2b) , suggesting they do not differentiate between artificial and natural structures per se. In contrast, A. cristatellus, which exhibited a weaker preference for broad perches in lab trials and tended to avoid artificial substrates in urban areas, using them roughly 10% of the time compared to their 22% availability (Fig. 2b) . While artificial structures certainly contribute to the niche expansion, lizards also select broad vegetation for perching in urban areas (Fig. 1b, c) . However, smooth substrates, which are rare or absent in natural habitats, may alter the costs and benefits of using broad perches in urban environments (Kolbe et al. 2016a) . If artificial structures confer reduced performance, we can think of two primary reasons why lizards use them without apparent fitness losses. First, behavioral strategies may be used to avoid suboptimal habitat. Anolis crisatellus demonstrates that niche expansion in urban areas can still occur without relying upon artificial substrates (Figs. 1 and 2) ; perch diameter does not differ between artificial and natural perches for this species in urban areas (Fig. 1b) . Avoidance of artificial substrates may have occurred because the fitness losses of using artificial substrates are great enough to alter habitat selection cues in urban areas (Schlaepfer et al. 2005) . Variation in habitat selection behavior may be adaptive as populations encounter urban environments (Lapiedra et al. 2017) . Second, evolutionary adaptation to HIREC, including urbanization, occurs across a wide range of taxa (Nemeth and Brumm 2009; Atwell et al. 2012; McDonnell and Hahs 2015) , so specific components of the urban habitat, such as substrate composition are likely to be a selective force. For example, Winchell et al. (2016) showed predictable phenotypic differences (i.e., greater relative hindlimb length and more lamellae) between anoles in urban and natural habitats based on habitat characteristics (such as perch diameter) and demonstrated a genetic basis for these differences, which supports adaptation. Kolbe et al. (2016a) found a performance basis for this morphological variation where A. cristatellus with longer limbs proportional to their body size sprinted faster and were more stable on smooth, vertical substrates. Both studies (Kolbe et al. 2016a; Winchell et al. 2016) were conducted in the native range of A. cristatellus, where populations have experienced the effects of urbanization for potentially hundreds of generations, whereas the Miami populations in this study were introduced only a few decades ago, so the time exposed to urbanization may influence any potential selective pressures. The extent to which the invasion process alters phenotypes and environmental conditions for non-native populations compared to their source populations needs to be explicitly evaluated in future studies.
In this study, we explored mechanisms by which two species of Anolis lizards persist in urban habitats markedly different than their natural habitats, an important task in understanding how HIREC phenomena affect organismenvironment interactions (Wingfield et al. 2011) . We demonstrated that preference for broad perches and their increased availability in urban habitats interact to facilitate niche expansion of a key component of the structural habitat niche. However, the broadest perches in urban habitats are artificial structures, which are ecologically novel and could reduce fitness (e.g. reduced locomotor performance in Kolbe et al. 2016a) . Several factors may allow lizards to minimize the performance losses associated with artificial substrates and therefore not experience population declines in cities. First, artificial structures, though significantly larger than vegetation in urban areas, are not the sole contributor to niche expansion. Second, lizards may avoid reduced-fitness artificial structures, as A. cristatellus does, suggesting preference cues may shift from substrate diameter to other features, such as surface roughness. Third, morphology may be under selection in urban areas, resulting in increased performance on artificial substrates. This study demonstrates that the consequences of urbanization for one aspect of the ecological niche, but other factors beyond the structural habitat undoubtedly contribute to fitness in urban areas. For example, increased urban temperatures (i.e., the urban heat island effect) likely affect several traits important for fitness of these ectothermic organisms, such as metabolism, activity and performance (Gunderson and Leal 2012) . Urban landscapes provide opportunities for researchers to study how organisms cope with environmental change at relatively accessible scales (e.g. spatial, temporal; McDonnell and Pickett 1991), increasing the power of predictions for organismal response to future change. Future studies should follow a mechanistic framework for evaluating influences of other urban habitat changes to better understand what factors contribute to the persistence of species in cities and how those factors interact.
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